Introduction 56
Tears provide nourishment to the anterior eye and are necessary for its protection 57 from potentially damaging stimuli (Dartt 2009) . Corneal primary afferent neurons 58 involved in noxious stimulus-evoked tearing include both polymodal and 59 mechanoreceptive neurons (Acosta et al. 2001a; Acosta et al. 2004) . Increased tearing 60 caused by activation of these afferents is accompanied by irritation or pain (Acosta et al. 61 2001a; Acosta et al. 2001b; Chen et al. 1995) . In addition to polymodal and 62 mechanoreceptive afferents, the cornea is innervated by neurons that are sensitive to 63 innocuous cooling (Belmonte and Giraldez 1981; Brock et al. 2001; Hirata and Meng 64 2010) . These corneal cool cells are also activated by menthol, an agonist to the transient 65 receptor potential melastatin 8 (TRPM8) channel, and by hyperosmotic stimuli (Acosta et 66 al. 2001a; Gallar et al. 1993; Hirata and Meng 2010; Madrid et al. 2006) . Corneal cool 67 cells are involved in a reflex that promotes tear production in response to drying of the 68 ocular surface (Parra et al. 2010; Robbins et al. 2012) . Activation of this tearing reflex 69 does not appear to be accompanied by irritation or pain, which has led to the suggestion 70 that TRPM8 agonists may be useful for the treatment of dry eye (Hirata and Meng 2010; 71 Parra et al. 2010; Robbins et al. 2012) . 72
Dry eye syndrome, a painful condition caused by an inadequate or altered tear 73 film, may be the result of an inability of the lacrimal glands to produce an adequate 74 quantity of tears with the proper composition (Abelson et al. 2009; Barabino and Dana 75 2007) . Alternatively, dry eyes may result from an inability of sensory afferent neurons to 76 monitor the corneal surface, resulting in insufficient neuronal drive to produce a 77 sufficient quantity of tears (Dartt 2004; 2009; Mathers 2000; van Bijsterveld et al. 2003) . 78
Furthermore, even if the initial cause of dry eye is dysfunction of the lacrimal gland, it 79 has been suggested that the dry eye condition itself may affect corneal afferents involved 80 in tear regulation, initiating a vicious cycle that may lead to a further deterioration in 81 lacrimal gland function and a worsening of the condition (Mathers 2000) . 82
The effect of dry eye on the corneal epithelium has been examined using several 83 different animal models, including lacrimal gland removal (Barabino and Dana 2004; 84 Fabiani et al. 2009; Kaminer et al. 2011) . While lacrimal gland removal has been used to 85 assess the effectiveness of tear replacement therapies in treating the corneal barrier 86 disruption, little is known regarding the effect of the dry eye condition on the properties 87 of neurons innervating the cornea (Fujihara et al. 2001; Higuchi et al. 2012; Higuchi et al. 88 2010) . Understanding the effect of dry eye on corneal cool cells is particularly important, 89 since activation of these neurons has been suggested as a potential treatment for dry eye 90 syndrome. In this study, we examined the effect of lacrimal gland removal-induced dry 91 eye on the response properties of corneal cool cells and determined the ability of the 92 TRPM8 agonist menthol to modify these properties. 93 94
Materials and Methods 95
Animals. Male Sprague-Dawley rats (Charles River), weighed 200-250 g at the 96 time of surgery and 350-450 g at time of recording. Animals were housed in an 97 environment with a controlled 12hr light/dark cycle and allowed free access to food and 98 water. Animals were treated according to the policies and recommendations of the 99 National Institutes of Health guidelines for the handling and use of laboratory animals. 100 Menthol application. After control thermal stimulation of the cornea, the fluid in 155 the chamber was removed and replaced with either vehicle or menthol (0.01-1.0 mM). A 156 maximal concentration of 0.5 mM menthol was applied in dry eye animals, since 157 preliminary experiments showed that 1 mM menthol in dry eye animals produced 158 complete and long lasting (> 20 min) inhibition of activity. Cooling was applied 5 min 159 after menthol application. Following the cooling stimulus, the chamber was drained and 160 flushed several times with artificial tears. A minimum of 30 min was allowed between 161 successive applications of menthol in order to allow for cold-evoked activity to return to 162 baseline levels. Menthol (Sigma-Aldrich, St. Louis, MO) was made from a 10 mM stock 163 solution in 40% ethanol and then diluted with artificial tears to the desired concentration. 164
Vehicle consisted of 0.4% ethanol in artificial tears (in mM: NaCl 106.5; NaHCO 3 26.1; 165 KCl 18.7; MgCl 2 1.0; NaH 2 PO 4 0.5; CaCl 2 1.1; HEPES 10; pH 7.45). In preliminary 166 pilot studies, we found that high concentrations of ethanol (>10%) often suppressed cool 167 cell activity; however, lower concentrations (4% ethanol) had no effect. 168 Statistical analysis. Baseline activity was defined as the ongoing unit activity at 169 the 35 o C holding temperature for 30 s prior to the onset of each stimulus. To assess the 170 responses evoked by cooling, the average frequency of cold-evoked activity during the 171 beginning (0-30s), middle (60-90s) and end of the thermal stimulus (120-150s) was 172 calculated after subtracting the baseline activity. To determine the effect of menthol on 173 the average cold-evoked discharge during these three time periods, the frequency of 174 activity during these time points in a pre-drug artificial tear control trial was subtracted 175 from the frequency of activity evoked post-vehicle or menthol application. The peak 176 frequency was recorded as the highest frequency (spikes/s) value recorded during the 177 cooling ramp. The cooling threshold was defined as the temperature in degrees Celsius at 178 which the average number of spikes/s increased to a value greater than the mean 179 frequency of the ongoing baseline activity plus 3 times its standard deviation (Parra et al. 180 2010) . Heat-evoked discharge was calculated by subtracting the average baseline activity 181 from the average activity evoked during the stimulus. Menthol evoked discharge was 182 determined using the response magnitude (Rmag), which was calculated by subtracting 183 the mean baseline activity + 2SD from the activity evoked 0-30 and 30-120s after drug 184 application (Robbins et al. 2012) . 185
Comparisons between multiple groups were made using either a one-way or two-186 way ANOVA with repeated measures after it was determined that the dataset conformed 187 to a normal distribution with equal variances followed by Tukey's multiple comparison 188 post-hoc tests. In cases where the normality or equal variance tests failed, two groups 189 were compared using the Mann-Whitney Rank Sum test, and multiple group comparisons 190 were made using Kruskal-Wallis one-way analysis of variance on ranks test followed by 191 Using the cotton thread test, quantification of tears after lacrimal gland removal 210 revealed a significant difference between the two eyes. Tears in the left eye were almost 211 three times lower than those measured from the right eye at four weeks post-surgery and 212 remained suppressed at the 8-week time point (Fig. 1B, p <0 .001, 2-way ANOVA with 213 repeated measures). Fluorescein staining was examined prior to recording to determine 214 the degree of corneal damage. All animals had greater than one eighth of the cornea 215 stained positively with fluorescein, with corresponding scores between 1 and 4 on the 216 rating scale (Fig. 1C, D) . spikes/s for dry eye and control animals, respectively; p>0.05, Mann-Whitney rank sum 226
test). 227
All neurons responded to cooling of the receptive field with an increase in activity. 228
Cold-evoked activity consisted of a robust dynamic phase during the change in 229 temperature (phasic period) followed by a relatively lower degree of activity during the 230 temperature plateau (static period). Neurons recorded in both control and dry eye 231 animals displayed a similar temporal pattern of activity to the cooling stimulus ( Fig. 2A,  232 B). The dynamic and static phases were examined by analyzing activity at three different 233 time periods from the start of the cooling stimulus: 0-30 s, 60-90 s, and 120-150 s. A 234 comparison of activity in dry eye and control animals indicated a difference only during 235 the first epoch (Fig. 2C) . The average number of spikes during the dynamic phase of 236 cooling was significantly greater in dry eye animals when compared to controls (17.7 237 ±1.1 spikes/s versus 13.6 ± 1.1 spikes/s, respectively, p<0.05, 2-way ANOVA with 238 repeated measures). No difference in evoked activity during the static phase of cooling 239 was found (Fig. 2C) . 240
Additional analysis was consistent in demonstrating an increased sensitivity to the 241 cooling stimulus in dry eye animals. The peak frequency of activity, which occurred 242 during the dynamic phase of cooling, was 1.4 times greater in dry eye animals when 243 compared to controls (Fig. 2D, The response of cool cells to noxious heat was compared in dry eye and control 248 animals. Although noxious heat often inhibits cool cells (Fig. 3A , top panel), they are 249 sometimes activated by noxious heat after a brief period of inhibition, often referred to as 250 the 'paradoxical' heat response (Long 1973; 1977) . Neurons recorded in dry eye animals 251
were significantly more likely to be activated by noxious heat, which was defined as a 252 positive Rmag value (p < 0.01, Chi-square analysis). In control animals, 18.5% (5/27) of 253 the neurons were activated by noxious heat, whereas 54.5% (12/22) of the neurons 254 recorded in dry eye animals were activated by the same stimulus. Neurons recorded in 255 dry eye animals, however, still displayed a brief period of inhibition prior to their 256 activation (Fig. 3A, lower panel) . Overall, the mean frequency of the heat response in 257 dry eye animals was significantly greater than the heat response in control animals (11.9 258 ± 3.9 spikes/s versus 2.5 ± 1.5 spikes/s, respectively, p < 0.05, Mann-Whitney rank sum 259 test, Fig. 3B ). The cooling temperature thresholds did not differ between heat-sensitive 260 and heat-insensitive neurons. Cooling temperature thresholds in heat insensitive and heat 261 sensitive neurons recording from control animals were 29.9 ± 0. on the ongoing activity was compared in dry eye and control animals. In control animals, 266 menthol concentrations at or above 50 µM evoked sustained discharge for several 267 minutes (Fig. 4A ). Menthol produced a similar effect in dry eye animals at lower 268 concentrations (Fig. 4B) ; however, at the highest concentration (500 µM), menthol 269 increased discharge for a brief period of time, followed by a longer period of inhibition 270 (Fig. 4B, bottom panel) . This difference between control and dry eye animals in their 271 response to menthol was examined by analyzing the response magnitude from 0-30 s and 272 30-120 s after menthol application. In control animals, menthol produced a 273 concentration-dependent increase in activity during the initial 30 s period when compared 274 to vehicle (Fig. 4C, p<0 .05, Kruskal-Wallis). The initial response to menthol in dry eye 275 animals also consisted of increased discharge beginning at the 50 µM concentration, 276 although the responses to higher concentrations were blunted (Fig. 4D, p<0 .05, Kruskal-277 Wallis). The increase in response magnitude was sustained in control animals, even at 278 the highest menthol concentrations tested, as determined by analysis of the 30-120 s time 279 period after menthol application (Fig. 4E, p<0 .05, Kruskal-Wallis). In contrast, discharge 280 in dry eye animals was maintained only for the lower concentrations of menthol (50 and 281 100 µM, p<0.05, Kruskal-Wallis), whereas discharge after the highest concentration of 282 menthol was not greater than vehicle during the 30-120 s time period (Fig. 4F, p>0 .05, 283
Kruskal-Wallis). 284
Cold-evoked discharge after menthol. The response to corneal cooling was 285 examined 5 min after menthol application in dry eye and control animals (Fig. 5) . 286
Breaking down the cooling response pattern into the initial phasic (0-30 s) and static 287 (120-150 s) periods revealed significant differences between control and dry eye animals 288 after menthol application. During the phasic period of cooling, 100 µM menthol 289 produced a significant increase in activity in control animals (Fig. 6A , p < 0.05, Kruskal-290
Wallis, see Fig. 5A for example). In contrast, this same concentration of menthol in dry 291 eye animals produced a decrease in discharge (Fig. 6B , p < 0.05, Kruskal-Wallis, see Fig.  292 5B for example). Decreased discharge was also the result after application of the highest 293 concentration of menthol in both control and dry eye animals ( Fig. 5A & B, p < 0.05, 294
Kruskal-Wallis). Menthol-induced changes in peak frequency discharges were generally 295 consistent with those changes observed during the phasic period of cooling ( Fig. 6C & D) . 296
During the static period, menthol did not significantly affect cold-evoked activity in 297 control animals ( 
Kruskal-Wallis). 300
Menthol also produced concentration-dependent changes in temperature 301 thresholds. In control animals, both 50 µM and 100 µM menthol produced a decrease in 302 the cooling threshold when compared to vehicle, as neurons responded to the cooling 303 stimulus at warmer temperatures (Fig. 6E , p < 0.05, Kruskal-Wallis). However, no 304 change in threshold occurred after the application of either the lowest (10 µM) or highest 305
(1.0 mM) menthol concentrations. In dry eye animals, menthol failed to produce 306 significant changes in cooling thresholds, although a trend towards an increase in 307 threshold after 10 µM menthol and a decrease in threshold after 100 and 500 µM menthol 308 was observed (Fig. 6F, p>0 .05, Kruskal-Wallis). 309
310

Discussion 311
In this study, we examined the effect of a dry eye condition on the response 312 properties of corneal cool cells, a set of afferent neurons that mediate a tearing reflex in 313 response to evaporation of the tear film. As expected, and consistent with previous 314 reports ( Fujihara et al. 2001; Higuchi et al. 2012; Higuchi et al. 2010; Kaminer et al. 315 2011), removal of the lacrimal glands reduced tear production, increased blinking, and 316 caused an increase in epithelial cell fluorescein staining. The chronic dry eye condition 317 also sensitized corneal cool cells, evidenced by an increase in cool-evoked responses, and 318 an increase in the temperature activation threshold. The response to menthol was also 319 altered in dry eye animals in a manner consistent with an increase in sensitivity to 320 TRPM8 activation. In control animals, menthol caused a dose-dependent change in cool-321 evoked responses, increasing activity at lower concentrations but decreasing activity at 322 the highest concentrations. A similar trend was observed in dry eye animals; however, 323 under the dry eye condition menthol decreased cool-evoked responses at concentrations 324 10-fold lower than those that decreased responses in control animals. to increase heat-evoked responses in cool afferent fibers even while inhibiting cold-373 evoked responses (Zhang et al. 2012) . These apparently disparate results may be due to 374 the fact that a number of signaling pathways that sensitize the heat-activated TRPV1 375 channels desensitize TRPM8 channels (reviewed by (Patapoutian et al. 2009 
)). 376
Alternatively, the increase in heat-evoked responses may be caused by changes in the 377 properties of TRPV1 positive polymodal nociceptors that leave them responsive to 378 cooling. Along these lines, an increase in TRPM8 expression and menthol sensitivity in 379 capsaicin sensitive neurons has been reported in acutely dissociated DRG neurons 380 following chronic constriction nerve injury (Xing et al. 2007) . 381
In addition to altering thermal stimulation-evoked responses, the dry eye 382 condition also shifted the concentration response to menthol. A biphasic response to 383 menthol has previously been described (Klein et al. 2010; Klein et al. 2012) . In these 384 studies, low concentrations of menthol produced an increase in sensitivity to cold stimuli 385 and enhanced cold-evoked neuronal discharge from spinal cord dorsal horn neurons, 386 while high concentrations caused a decrease in cold sensitivity and inhibited cold-evoked 387 discharge from dorsal horn neurons. In the dry eye animal, the desensitization following 388 500 µM menthol is similar to an effect previously described after 50 mM menthol in 389 control animals (Robbins et al. 2012 ). This effect is also reminiscent of the capsaicin-390 induced desensitization via TRPV1 in polymodal nociceptors (Koplas et al. 1997 ; 391
Mohapatra and Nau 2003). The shift in sensitivity to menthol concentration in the dry 392 eye condition was also reflected by alterations in cold-evoked activity following menthol 393 application. While lower concentrations of menthol increased cold-evoked activity and 394 cooling thresholds in control animals, similar concentrations of menthol produced the 395 opposite effect, causing a decrease in cold-evoked responses and thresholds. 396
The increased sensitivity of cool cells to the desensitizing effects of menthol may 397 be the result of increased TRPM8 channel expression, which has been reported after 398 nerve injury (Xing et al. 2007 ). These results may also reflect changes in the regulation 399 of TRPM8 channels in the dry eye condition. The regulation of TRPM8 channels, a 400 calcium dependent process, has been suggested to play a role in the rapid adaptation to 401 
